Abstract -The method for magneto-thermalfluid analysis taking account of natural convection using semi-Lagrange coordinate system is developed. The developed method is applied to a simple induction heating model in which the steel plate is heated due to eddy current. It is shown that the result considering the convection in air is different from the result neglecting it.
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I. INTRODUCTION
In order t o evaluate the temperature rise of an electrical machine due to joule loss or iron loss, the magneto-thermal field analysis, in which the heat transfer coefficient is given on the surface of machine and only the temperature in the machine is calculated, has been carried out[ll. However, the heat transfer coefficient is affected by the convection around the machine. Therefore, the convection should also be taken into account in order to calculate the temperature rise accurately.
In this paper, the magneto-thermal-fluid analysis method taking account of natural convection is developed. Firstly, the method for thermal-fluid analysis using the semi-Lagrange (moving) coordinate system, in which the velocity of fluid is defined by the Euler (fixed) coordinate system and the time derivative term is calculated using the Lagrange coordinate system, is developed. The Lagrange coordinate system has some advantages compared with the Euler coordinate system in the eddy current analysis in the moving conductor[21. Secondly, the method of combining the magnetic field analysis with the thermal-fluid analysis is described. Finally, the calculated temperature rise is compared with measurement in a simple induction heating model.
hbT"l'HD OF ANALYSIS

A. Magnetic Field Analysis
In the magnetic field analysis, A-@ method CA: 
where J , is the magnetizing current density, v and o are the reluctivity and electric conductivity, respectively.
B. Thermal Analysis
In the thermal analysis, the following heatconduction equation is used[31:
where T is the temperature and po is the mass density at the reference temperature To. c and K are the heat capacity and the thermal conductivity coefficient, respectively. Q is the heat source density. D/Dt denotes the time derivative using the Lagrange coordinate system.
C. Fluid Analysis of Natural Convection
In the fluid analysis of natural convection, the following Navier-Stokes equation [31 with penalty function[4] is used:
where U is the velocity vector and g is the gravity acceleration vector (=9.8m/s2). q and /? are the viscosity and-the coefficient of volume expansion, respectively. i l is penalty number. In the first term on right-hand side (penalty term), the reduced integration technique[41 is applied.
D. Time Differential Term
The Lagrange coordinate system is applied to the time differential terms in (3) and (4). For example, the time derivative DT,t'*'/Dt at the point p at the instant @+At) can be discretized using the backward difference method as follows: The flow chart for magneto-thermal-fluid coupled analysis is shown in Fig.2 
B. Thermal and Fluid Analyses
In the thermal and fluid analyses, 2-D analyses in x-z plane using the finite element method are carried out, because many time iterations are required. 112 of whole region is subdivided into 690 lst-order nodal rectangular elements. The time interval At is decided so that U , ,
At becomes 20mm
(U-: maximum velocity) and the maximum At is Is.
The penalty number A is chosen as lo7. 300, 600s. It is shown that the terhperature in the upper part is higher than that in the lower part, due to the natural convection. Fig.9 shows the effect of the natural convection on the temperature distribution along the surface s-t of steel plate. The figure denotes that the natural convection should be considered.
V. MEASUREMENT
The experimental model is shown in Fig.lO . The temperature a t the points a, b and c shown in Fig. 3 is measured using the thermocouple (copperconstantan). Fig.ll shows the comparison of temperature rise obtained by measurement and calculation taking account of natural co vection.
Although there is a difference between cal lation
The reason for the discrepancy seems to be due to the linear analysis of magnetic field and 2-D thermal and fluid analyses. and measurement, the tendency is almost the +Y same. 
VI. CONCLUSIONS
The magneto-thermal-fluid coupled method using semi-lagrange coordinate system is developed and the new code is verified using the simple induction heating model. More accurate analysis taking account of nonlinearity of the permeability of steel and 3-D thermal and.fluid phenomena should be carried out in future.
